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Abstract

X

The dynamics of induced, separated vortices
generated from sinusoidal airfoil oscillations were
exanined across a range of unsteady flow pararmeters.
Leading edge vortical initiation, development, and
interaction with trailing edge vorticity were sum-
marized via stroboscopic flow visualization and
hotwire anemometry. Results indicate the sensitiv-
ity of vortical development at both leading and
trailing edges to reduced frequency parameter and
magnitude of oscillation angle. Certain optimal
paraczetric conditions resulted in dramatic interac-
tions of leading and trailing edge vorticity. At
diminished oscillation angles, separated flow at~
tachment was evident in the absence of the large
induced vortical structures characteristic of large
oscillation amplitudes. (' ;
Ay
Nomenclature

airfoil chord

reduced frequency, wc/2V_

Reynolds number, V_c/v

time

freestream velocity

angle of incidence, 3 = a_+ a cos (.T)
mean angle of incidence -
oscillation amplitude

kinematic viscosity

rotational frequency, rad/sec
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Introduction

Unsteady aerodynamic effects generated by dy-
nanically oscillacting airfoils represent a =ajor
area of research in modern fluid mechinics.! when
a lifting surface oscillates about 1 mean uncle of
1tt:icx 1ln excess of its static stall inzi=2, larze,
uastesly derodyvnamic forces are produced.  The un-
stedar lift, drag, anc mcrent coetficients can
greativ exceed the expezted static counterparts.
These forces are directly related to the stall
caused by transien: separation uor the flow frem an
air:izil dynanically oscillating in pitch. >stail of
this nature is classified as dynamic stall. The ve-
currence and severity of dvndamic stall is directly
relazec to the type of airfoil, Reynolds numper,
vscillation rate, and oscillation umplitude. In-
herent in dynamic stall is the formation of leading
vdge vortices; these vortices cun produce .4 surce
in the lift force as well as unsteadv moments on the
airfoil.2 It is believed that repetitive generation
of dynamic stall vortices might be exploited to de-
lay stall or energize the flow field to greatlw in-
crease the operating characteristics of an airtoil
past irs static srtall angle (cf. Ref. 3).

Another energized structure generated from air-
foil cscillation is the trailing edge vortex. The
circulation of the trailing edge vortex is opposite
in direction to the vonrticity generated at the lead-
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ing edge, and appears to be linked to passage of

the leading edge vortex. The overall contribution
to the dynamic stall process from trailing edge vor-
tical development has not been well defined.%5
Similarly, the effects of the leading edge-trailing
edge vortical interaction are still being quanti-
fied, again stressing the need for all tvpes of un-
steady flow data.b

The exact mechanisms underlying the formation
of dynamic stall vortices have been a topic of
study for much of the 20th century.l! The complex-
ity of the unsteady forces has slowed the emergence
of numerical prediction methods. Theoretical stud-
ies of unsteady airfoil phenomena revolve around
attempts to relax assumptions postulated in steady
thin airfoil theory, but significant progress has
been elusive. Experimental studies are similarly
complicated, involving various airfoil types and
modifications designed to enhance vorticity produc-
tion over a broad range of both static and dynaaic
flow parameters.7'8 The general thrust of experi-
mental research has been to reduce the undesirable
effects associated with dynamic stall. Normally,
tests were done with airfoils driven through large,
slow oscillations in angle of attack. In contrast,
small amplitude and relatively high speed oscilla-~
tions in angle of attack may be more consistent with
practical applications and technical feasibility.

The unsteady effects of dynamic stall are char-
acterized by turbulent separated flow and vortical
structures. 1wo prevalent theories have been for-
mulated rezarding the occurrence of wvortices during
dvnamic stiall. -me su2gests that the transient
bursting >f laminar separation pubbles leads to ~or-
tices.9 The l.-inar separation bubble is for=ed
during trinsitions from 1 laminar to an attached
turbulent flcw. When the separatica zoint prozress-
=28 to the base of the bubble, the buddble bursts and
induces 3 vortical structure. The seccond adprcach
=nvisions an 1brudt zuroulent separazion over zne
front porticn of the airfoil; this curbulent separa-
tion is thouzht zo be responsis. 2r the procuc-
tion of dynamic stall vortices. o

e fo
‘ e bounaary lav-
er may remalin totally luminar prior 25 separaticn,
and this, by definition, precludes the formacican of
4 laminar separation bubble. Both —=echarisms of
vorticity proaguction are asscciated witn the zvnan-
ic separation orf the flow, althouzh scme critical
parameters may varv in relation to the ZJominance of
one or the other =echanism.

Vortical structures appear to *e important cor-
relates of the unsteadv stalliag of sn airfoil.
fhere seem to be two favored =ethods by which these
important structures ~av be experi—entallyv enhanced:
(1) by continued increments of uirfoil angle past
the turbulunt separation point,’ na (2) by ahrupt-
lv changing the pitch lirection orf =he airfoil
shortlv atter the turbulent separation of the flow
has vccurred.®

In the foliovwing studies, abrupt chanees in
pitch direction of the 2girfoil were achieved uveine
omall oscillatien angles (28 -3 at higa speud (11 H2)
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pitch oscillations to elicit repetitive vortical
structure. Extensive flow visuvalization was used iu
conjunction with hotwire anemometry to characterize
the initiation, development, ané migration of the
vortex through the oscillatory cycle. The evalua~-
tion of independent static and dynamic variable com-
binations focused upon those that might maxicize ex-
pioitable aerocynamic phenomena from vortex develop-
ment. Of principal interes: were the utility of the
reauced frequency parazeter in characterizing flow
disturbance froc reduced osciliation angles, anc che
formation and developrment of :trailing edge vortical
structure.

Methods

Experiments were conducted cn NACA 0012 and
XaCA 0015 airfoils in the low-turbulence 2' » 2°
wind tunnel at the University cf Colorado. Flow
field measurecents were obtained via flow visualiza-
tion in conjunction with hotwire anemometry.

A solid aluminum NACA 00!2 with 10-inch cncrd
and a hollow-core NACA 0015 with 6-inch chord, bsth
with a 2-foot (infinite) span, were used for the ex-
periment. The airfoils were criven through pitcning
wotions with a 1/3-H.P. D.C. =oter using a é-to-l
gear reduction connected te ¢ variable displacecent
scotch voke. Sinusoidal osciliation rate couid be
rneid constant vhile the magnitude of angle pitcr was
ctianged by adiusting the raa:ai bearing on tne fiv-
wneel of the D.C. motor. The angle arouna which tre
oscillatory cvcle occurred was determined by iznitiail
positioning of the wing in the drive yoke. & rota-
ting potentiometer on the fliwheel was used tco deter-
mine the angular velocity and specific attitude of
the airfoil during any portion of the rotatioa cycle.

Flow visualization was cbtained using a sccke
rake constructed of a NACA 0015 airfoil with 1/8-
inch diameter tubes inserted in the trailing edge.
The smoke rake was located in the settling chacber
of the 2' x 2' wind tunnel in order to minimize dis-
turbances to the test secticn. The rake could te
poved vertically to optimize the position of the
smoke lines. Dense smoke was generated from heated
Rosco fog juice stored in a 35-gallon drum and de-
livered to the rake.at modest pressure. The pres-
sure and ensuing flow rates were adjusted to prevent
smoke from being e¢mitted as a turbulent jet.

Synchronization of data acquisition with the
airfoil angle during an oscillation was accomplished
using the rotating potenticzeter which produced a 0
to 5 volt ramp output corresponding with the 0 to 2rx
oscillation of the airfoil attitude. Voltage dis-
crirination levels from 0 to 5 volts could be preset
on the electronic trigger. when the selected volt-
age was reached during an oscillation, a 300-usecond
pulse was generated to trigger both the strobe for
flow visualization and PDP 11/23 microprocessor for
velocity reasurements. In this manner, all angle-
dependent data collection could be synchronized with
the proper phase angle of the airfoil. All angle-~
dependent synchronization signals were checked regu-
larly by stroboscopic exanination of airfoil posi-
tion relutive to « fixed micrecmeter scale.

Single and multiple phase-locked strobauscopic
(7 usecond duration, point-source flashes) pictures
were taken of the flew field, using a 35 o= SLR care
era with ASA 400 film. The still photograpus gener-
ated c¢xact details of the wvertical flow stiruzture,
whereas the phase~lucked mulziple-exposure pnczo-

..{’ .

graghs highlighted the repetitiveness of flow field
disturbances.

Velocity measurements were made using a conven-
tional constant temperature 2-needle hotwire probe,
constructed of 0.000l-inch Wollaston wire. Using
various linearizing circuits referenced elsevhere,10
a 0 to 5 volt output was generated proportionally to
the mean flow. The hotwire probe was mounted on an
orthogonally driven traversing mechanism in the air-~
foil test section.

Hotwire data acquisition and subsequent reduc-
tion were accomp’ished with a PDP 11/23 microproces~
sor. Upon receipt of a 300-usecond pulse from the
phase-lock trigger, the analog hotwire signal was
digitized and stored at a sampling frequency of 1000
Hz. At each pulse, data were collected over two
complete oscillation cycles representing one data
run. Ten such successive data runs were averaged to
reduce the signal noise and accent the periodic dis-
turbances generated during the oscillatory cycle.

Results

Stall angles for the NACA 0012 airfoil were de-
termined photographically to be approximately 3 =
1C.% at a Reynolds nuxber of 100,000. Im static
testing at these angles of attack, the streamlines
ciearly lifted from the airfoil surface as the flow
nearca the trailing edge. Turbulent flow was ob-
served in the area from which the streamlines had
separated. In most instances, the flow was not at-
tacned over the last 2 inches of the 10-inch chord
airfeil. The NACA 0015 airfoil exhibited separated
flow at just slightly higher (=~ 0.5°) angles of at-
tack. These flow patterns for both airfoils were
used for comparisons with the various dynamic condi-
tions reported below.

Depending on test parameters, a nucber of re-
producible flow perturbations were characteristic of
the airfoils during oscillation. Many of these per-
turbations have been described previously for dif-
ferent test parameters (cf. Ref. 1I). The most
proninent flow disturbances were the formation of a
leading edge vortex, the movement of the vortex
along the "airfoil surface, changes in vortex struc-
ture, interactions between the vortex and the air-
foil, interactions between the vortex and the free-
strean flow, interaction of the vortex with the
trailing edge of the airfoil, formation of a trail-
ing edge vortex, and interactions between leading
and trailing edge vortices, both at the trailing
edge and in the airfoil wake. Most of these dis-
turbances were stable enough during each portion of
the oscillatory cycle to permit repeated strobosccp-
ic (= 7 useconds) illumination for wmultiple (= 20)-
exposure photographs.

When a leading edge vortex is generated, the
growth characteristics of the vortex during the re-
maining portions of the oscillatory cycle and across
time appear qQuite constant. A small vortex is iden-
tifiable near the leading edge as the airfoil
pitches toward the maximum angle of attack (Fig. |
0 % cycle). The vortex incrcases in physical rag-
nitude as It noves across the airfoil surface to-
ward the tralling edge (Fig. 1, 25 % cycle). 1n the
presence of large vortices, flow separation occurs
over the entirce airfoil chord as the vortex inter-
acts with the trailing edge and sheds into the wake.
Shedding occurs as the airfoil approaches the bnttonm
of the downgtrcke (rinimum anple). Flow reattaches
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Fig. 1. Vortical development on airfoil surtace
at increasing periods in the airfoil
cycle.

Ke = 100,000; K = 0.5; a = 12.9° 25°.

Fig. 2. ‘lonsynchrunous vortical development at
reduces vseiilation angle,
Re = 60,000; & = 0.25; g = 12.9° =1°,
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Fig. 3.

25% cycle; K = 0.25.
Lower right:

Upper left:
K = 0.75.

Flow reattachment with increasing reduced frequencies.
Lower left:
75% cycle; K = 1.25.
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Re = 100,000; a = 13.9° 20.5°.
75Z cycle;

25% cycle; K = 1.25. Upper right:
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Fig. 4. Leading and trailing edge vortical development with instantaneous (2 7 usec) single-exposure
photographs. Re = 100,000; K = 0.5; a = 13.9° 20.5°. Left: leading edge. Right: trailing
edge.

(Fig. 1, 75% cycle) as the pitch direction changes
to the upstroke of the leading edge. These cyclic
flow disturbances are repeated as the airfoil again
nears the maximum angle of attack. Multiple-expo-
sure photographs permit a clear distinction to be
made between the steady, reproducible, synchronous
flow effects linked to airfoil oscillation and the
truly turbulent effects linked to more conventicnal
clements of separation and stall.

Under oscillating conditions where a dynazic

stall vortex is not apparent (Fig. 2, 0-75Z), tem-
porally repcacable flow field disturbances are more
Iimited. Separation appears to be prevalent over

the air{oil chord throughout the oscillation cycle.

Multiple-exposure photographs, however, tend
to be misleading in determintiny whether or nct wveak
vortical structures are present. In these instances
of repeated exposures, it was difficule to distin~
guish between turbulence and weak but ordered dis-
turbances, which tenl to return flow to the afriofl
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surface. Unless strong forces are acting to reat-
tach flow at specific points in the oscillatory cy-
cle or at specific points along the airfoil, the
flow line disturbances may appear to have little di-
rection.

Helinl? recently showed that small oscillation
angles can effectively reattach separated flow if
they are used in conjunction with high oscillation
rates (Fig. 3). Quantification of approximately 300
photographs revealed several conditions under which
flow attachment at or before the trailing edge could
be attained. Leading edge vortical development also
was observed. Single, Instantaneous (< 1 msec) vi-
sualizaticns of the flow revealed specific struc-
tures charazteristic of flow perturbations caused by
small oscillation angles and large oscillation rates
(Fig. 4). Since the shedding of the weak vorticity
was not tied precisely to the oscillatory frequenzy,
the flow field appeared characteristically "blurred,”
suggesting turbulent separation (Fig. 2). More ac-
curately, large oscillation rates at reduced oscilla-
tion angles induced flow attachments that were poor-
ly synchronized both spatially and temporally with
the oscillation parameters. Similar vortical devel-
opment, induced by leading edge separation, was ob-
served at most static stall angles. During oscilla-
tion, however, a characteristic bending of the flow
toward the airfoil surface occurred before the flow
reached the trailing edge of the airfoil. This flow
reattachment inevitably occurred during the down-
stroke portions of the oscillatory cycle. The high-
er oscillation rates (higher values of K) were asso=-
ciated with flow reattachments appearing well before
the trailing edge was reached. Thus, the flow dis-
turbances sucmarized below seem to belong to a con-
tinuum of dynamic effects that originate with small
angle rapid oscillations, which induce relatively
rodest flow disturbances, and include larger angle
rapid oscillations, which elicit relatively strong
flow disturbances.

In order to determine the effects of the flow
variables on vortical development, a photographic
parametric study was conducted across a range of in-
dependent variables (Table 1). As expected, the on-
ly condition that did not generate clearly discern-
ible vortical structures in multiple-exposure flow
visualization photographs was the oscillation angle
+1° around modest fixed values of a. As indicated
above, any elicited vortical structures were undoubt-
edly poorly synchronized with the oscillatory cycle.
Even oscillation angles of +3° generated only modesc-
1y synchrenized vortex structures in multiple-expo-
sure photographs obtained at Reynolds nucbers of
100,000 to 140,000. At a Reynolds number of 60,000,
any vortices generated by :3° oscillations were em~
be¢dded in other, more random, flcw disturbances. In
these flow visualization studies, the largest and
zost well-synchronized vortices occurred at increased
values of the reduccd frequency parameter, at higher
arles of attack, and at higher oscillation angles.,
Changes in Reynolds nuzber did not have major cffects
un vorticity across the values tested in the present
study.

The creation and fute of the highly synchro-
nized, strenp vorticity were carefully characterized
in order to deterrine which flow disturbances were
attributable to such strong vorziclty. From the
rhotersreshs {(12/¢cwcle), the moverent of the vortex
center wae plotted as {t miprated across the airfoil
sariace to trailine edee (Fip. 5). The
clone ¢t the line represvating vortex pesition on

free leatin,

Table 1

Independent Variables for Photographic Study

Reynolds Reduced ~ Mean Oscillation
Number Frequency Angle Angle
60,000 0.25, 0.5, 0.75 12.9° 1*, 3°, s5*
100,000 0.25, 0.5 12.9° 1°, 3°, 5°
140,000 0.25 12.9° 1°, 3%, 5°

the airfoil for increasing times during a single os-
cillation cycle represents the apparent mean veloc-
ity of the vortex center over the airfoil. Om the
average, the velocity of vortex movement from the
leading to the trailing edge of the airfoil was 35~
455 V_. Whereas straight line segments on these
plots indicate a uniform velocity of vortex movement
from leading to trailing edge, curvature and/or dis-
continuity corresponds to a delay or hesitation in
the movement of the vortex center. The more clearly
defined curvatures in these plots indicate maximum
delays, and correspond to the presence of the larg-
est vortical structures observed. The reduced fre-
quency parameter (K) was very useful in predicting
the relative position of the vortical center over
the airfoil surface during the oscillation cycle,
for a variety of Reynolds numbers and oscillation
angles. However, the delays in vortex movement over
the airfoil surface could not be predicted from the
values of K employed in these tests.

It should be noted that this parametric study
was performed without endplates on the oscillating
airfoil. As also found by Carr et al., the tun-
nel wall effects on vortical generation mechanisms
were negligible at both the elevated values of K and
the large fixed values of a examined in the present
study. A series of photographs taken both with and
without endplates at a Reynolds number of 60,000,

K = 0.25, and a = 15° *5° showed no discernible
change in the overall flow disturbances visualized

at mid~span of the airfoil. The endplates were aban-
doned for the remaining tests since they placed a
great deal of stress on the oscillation drive mecha-
nisn, and .they severely limited the oscillation

rates that could be employed in subsequent tests.

In order to characterize the magnitude of the
velocity disturbances generated by the leading edge
vortex, linearized hotwire measurements were made
over three chord locations at various positions
above the airfoil surface (Table 2). The probe loca-
tion was held fixed relative to the wind tunnel while
the airfoil was oscillated. For cach test, data
were collected for oscillation-phase triggered, sin-
gle velocity profiles across two successive complete
oscillation cycles. Ten such individual runs were
trigzer-synchronized in order to match corresponding
initial angles of attack, and to perwit numerical

Table 2

Independent Variables for Hotwire Study

Feynolds Reduced Mean Oscillation
Nuzber Frequency Angle Angle
60,020 0.25, 0.5 0°, 15° 1°, 5°
100,€29 0.25, 0.5 15° i, 5°
140,023 0.25 0°, 15° 1%, 5°
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averaging. The synchronous triggering also allowed
corrclations of the hotwire ceasurements with {low
visualization. Figurc b is a typical exarjle of

the uverazed hotwire measurerents obtained for a
tan=cycie perinod.  The velocity magnitides corre-
npend to the instantanenus velocity cormponents at

T = 3 (zuxizuz anple of attack). Velocities at sub-
cequeat tizes in the oscillatory period were obe
tained froo the hotwige signal traces. Positlon

JE a5 o

0.37 -2
1.07 -4 r
L ] { p 3
) ' 2w ATV
TIME (SEC)

Velocity rmeasurements at selected points during synchronous vortical development.

refers to the distance of the hotwire probe from the
airfoll surface (in ecm) when the angle of attack was
at the mean oscillation angle.

Figpure 6 1s fllustrative of the results ob-
tained for a set of ¢xperimuental conditions that
generate strong, synchronous vorticity in the f{low.
At the leading edge (T = 0, 0.5 cm) the probe was
closest to the afirfoil for the bottom two traces.
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Throughout the oscillatory cycle, only minimal ve-
locities were noted at these positions in the flow
ficld. As the airfoil moved through the oscilla-
tion cycle, a velocity maximum occurred (T = n/w)

as the airfoil attained the minimum angle of attack.
Since the probe was no longer shielded from the
freestream by the leading edge of the airfoil, it
appeared to record the unobstructed velocity mexi-
munm. The hotwire velocity profiles indicated a sim-
ilar type of blockage effect when the probe was lo-
cated at the airfoil trailing edge. At T = 0 (max-
imum angle) the trailing edge was beneath the hot-
wire probe, effectively shielding the probe from
the freestream velocity. As the airfoil angle de-
creased, the velocity measurement grew to maximum
coincident with the passing of the trailing edge to
positions above the probe location,

At probe positions in excess of 8 ¢m above the
trailing edge, 6 cm above mid-chord, and 2 cm above
the leading edge, other periodic maxima occurred
during the cycle. These maxima appear to reflect
the velocity induced by the passage of the leading
edge vortex across the airfoil surface. The larger
the perturbation, the larger the magnitude of the
shedding vortex. As the vortex size increased, the
velocity fluctuations became more pronounced
throughout the entire spatial grid of flow measure-
ments around the airfoil.

The phase relations between the hotwire dis-
turbance caused by the passing vortex in the far
field and the maximum hotwire disturbances in the
near field close to the airfoil surface at the
trailing eage do not necessarily correspond to each
other in a sinple fashion. It will be shown subse-
quently that a vortical disturbance induced at the
trailing edge and the leading edge vortex in the
far field result in the strongest vortical develop-

ment and interactions. Once vorticity is initiated,

oscillation phase angles appear clearly secondary
to these strong vortical interactions.

VORTEX DEVELOPMENT
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Another temporal effect of the shedding vor-
tex can be seen in Fig. 6. A maximum velocity dis-
turbance occurred at the leading edge at approxi-
zately the raxicum angle of attack (T = 0). This
maximum was seen both at later time periods and
later portions of the oscillation cycle at the mid-
chord and finally at the trailing edge. The delay
in the velocity perturbation appearance at these
sites was presumably an indication of the time re-
quired for the vortex to pass from the leading to
the trailing edge of the airfoil.

Synchronous, spatially discrete disturbances
were not generated at srall mean angles for the Rey-
nolds numbers and reduced frequencies tested (Fig.
7). Flow remained attached over the airfoil sur-
face throughout the entire oscillation cycle. Ve-
locity measurements at the trailing edge (Fig. 8,

0 ¢cn, a = 0°) show the response of the hotwire
probe to the airfoil oscillation. Two separate
velocity minima occurred in each cycle as the hot-
wire prode was aligned with'the trailing edge. It
was necessary to increase the mean angle until the
critical stall angle was exceeded during an oscilla-
tion in order to generate strong leading edge vor-
tices. At a = 0° #5°, two standing vortices devel-
oped, cne each on the upper and lower surfaces of
the trailing edge of the airfoil. Though relative-
ly szall in size (X 0.1 ¢ in diameter), these dis-
turbances remained over the complete oscillatory
cycle of the airfoil with a circulation in the same
direction as the leading edge vortex. Similar
trailing edge vortical development was seen by
these authors in studying the trailing edge genera-
tion of discrete audible tones.l3

Srall oscillation angles (Fig. 8) produced ve-
locity fluctuations with little evidence for vor-
ticity. The apparent “s—ooth" response of the hot-
wire signal, even under known flow separation con-
ditions, was a result of averaging the hotwire sig-
nals over multiple oscillation cycles. 1In effect,
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Fig. 9.

the averaged velocity data indicated a lack of spa-
tial and temporal synchrony between flow distur-
bances and airfoil motion. At certain positions
above the trailing edge (Re = 140,000; a = 1°; POS
= 6 cm), velocity perturbations that were synchro-
nized with the oscillating airfoil existed. Above
and below those measurement points, however, the
velocity disturbances were poorly correlated with
airfoil oscillation cycle.

The effects of Reynolds number and the reduced
frequency paraceter on the passage of varticity
over the airfoil are given in Fig. 9. The strong-
est vortical disturbance (1.68 V/V_) occurred at a
Reynolds number of 60,000 with a reduced frequency
paranmeter of 0.5. Velocity measurements were nor-
malized to freestream velocity in order to judge
the relative contribution of each of the experi-
mental parameters on vortical development and zove-
ment. With expanded plots of the same traces, it
can be shown that the greatest time delays in the
passing of vortices over the airfoil surface corre-
late positively with increasing strength. This was
also showm to be true in the vortex location plots
surrmarized in Filg., 5 for the quantified flow visu-
alizations. 1t is important to note that cach mea-
sure was cbtained independently. In additicn, the

low visualizaztion reliced predominantly on the use
of the 10-inch chord NACA 0012 airfoil, while most
of the hotwire anemorictry (corroborated by vizual-
ization) roelicd on tests of the 6-inch chord NACA
0015 airfeil.

Reynolds number and reduced frequency effects on vortical development.

In general, velocities of the leading edge vor-
tex increased with higher oscillatory frequencies
(reduced frequencies). Increases in peak flow ve-
locity of 5 to 8% were obtained when the reduced
frequency was doubled from 0.25 to 0.5. When the
reduced frequency was held constant, the velocity
peak, corresponding to vortical passage, was in-
versely related to Reynolds number; increases in
Reynolds number reduced the apparent velocities of
the leading edge vortex. At reduced frequency of
0.25, the normalized velocity increased 16.8% as
Reynolds number was reduced from 140,000 to 60,000.
At K = 0.5, the normalized velocity increased 6.97
as Reynolds number was decreased from 100,000 to
60,000. These velocity increases were calculated
from measurcments over the tralling edge. When
peak velocities were examined at mid-chord, changes
in normalized velocity again showed an inverse re-
lationship with Reynolds number. Increases in ve-
locity magnitudes of only 2 to 37 were typical at
nid-chord hotwire positions. Thus, small velocity
decreases mid-chord were amplified into oore strik-
ing decrcases at the trailing edge. It was not
clear if the vortical strength was actually reduced
with increasing Reynolds number, or if the net ve-
locity change at the trailing edge was sirply a re-
fleetion of some other flow perturbation. Flow in-
teractions produced as the leading edge vortex
rcached the trailing edge of the airfoil were the
most likcly causes of these vortical welocity dif-
fercnces.,

Such a possibil{ty prompted a detuiled study




R R R VR R Bk o ]N-

o e

[]
t

Y]

—

¢

]

e i q—————.an

R

e ———— -

ol

y

. [} H
i L ) 3
- fu . - K r""-' - . c - et e
oo ) - '
. : H
. H ¢
b . . :
.- - i b
N L :
’ -, ;
- ; . H i
- Te s i :‘
i
few -
[
-
~——
A ?
. - oy f
RN 1 ,:
R = 5
‘ ST ) :
.- ‘ ;
~~.~_“ ) e e 1 E .
R - I : s i EFE
\ e TR ‘ SRELS
L :»~?~\ “- - : j. ELL S
e - X i i 5
.- - _— 4 .
H L83
E-! "-., -2
s N g-ﬂwr " ! .
N = N 2 4
B [ . '
\ L"‘/,.‘ ~ . X “‘
I SR
T IHA?
T ; \\

S
a3 gl

i
]
i
i
[ .
‘ f, A
p - -
i - ;
: ! g
4 - t N
: . . v by
0. R e N “ - 4 A
H .‘“ S~ -, o~ [ o
H . ‘-:\ -, - 4 3 [
, ~— f
: -~ i
B ~, - )
: S :
. -
] . L..
' [ PO S R

: T A e e e AR
. 3
' v .
¢ ! e e -

IS

The development of the leading edge vortex and the inducement of the trailing edge vortex.

(A) The airfoil attaining maxipum pitch angle shows a vortex initiated at the leading edge.

(B) The downstream elecents of the growing leading cdge vortex appear mid-chord and bend
streamlines toward the airfoil top surface.

(C) The growing vorticity shows downstrecanm elements localized just ahead of the trailing edge.

(D) 4s the vortex passes the trailing edge, counter flow is induced from the bottom surface

of the airfoll to the top surface. The surrounding streamlines are rapidly displaced
from the airfoil surface.

(E) The trailing edge vortex exhibits rapid growth.

(F) The tralling cdge vortex is shed into the wake immediately upstream of the remnants of
the lcading edge vortex.

Re = 60,000; ¥ = 0.5; =ean angle = 15° 25°.
Approxizately 20 exposurcs at each oscillatory phase angle.




of how the leading edge vortex interacted with all
the clements of the surrounding flow. It was al-
ready amply clear that the lecading edge vortex had
one of the most dramatic influences on the overall
flow field. Figure 10 depicts the sequence of flow
interactions characteristic of a dynamic stall vor-
tex when passing over the airfoil to the trailing
edge and shedding into the wake. The secries begins
(Fig. 10A) as the vorrex is generated necar the lead-
ing edge and begins to move toward the trailing ecge.
At mid-chord (Fig. 10B8), the rapidly increasing size
of the vortex is evident. Corresponding temporally
with the rapid growth, the vortex center slows its
movement toward the trailing edge. The larger vor-
tax covers much of the airfoil surface (Fig. 10C).
As the vortex reaches the trailing edge, a flow re-~
versal from flow around the trailing edge to the top
surface of the airfoil occurs (Fig. 10D). The in-
duced trailing edge vortex is generated with circu~
lation opposite in direction to that of the leading
edge vortex. Complete separation of the leading
edge vortical flow from the airfoil surface occurs
as the trailing edge vortex grows rapidly (Fig. 10E).
The leading and trailing edge vortices combine into
a tandem structure which sheds into the wake in uni-
son. Within two chord lengths downstream of the
airfoil, the size of the combined leading edge-
trailing edge vortical structure exceeds the airfoil
chord diameter by at least a factor of two; the flow
lines exhibit dramatic vertical displacements sug-
gestive of rapidly decelerating vorticity.

The induced trailing edge vortex possessed in-
teresting small-scale characteristics. Rather than
consisting of one small vortical structure which
rapidly grew at the trailing edge, the vortex was
corposed of streamlines containing multiple smaller
vortices. These small vortices ultimately coalesced
into one large vortex. A similar flow phenomencn
was recently observed by Freymuthl%4 in his iavesti-
gations of airfoils in linearly accelerating flows.

Whereas the leading edge vortex induced flow
reattachment to the airfoil surface, the trailing
edge vortex resulted in complete flow separation,
which extended upstream to the leading edge. This
total separation occurred as the trailing edge vor-
tex reached maximum amplitude immediately prior to
or coincident with shedding into the wake.

The striking interaction led to another photo-
grapiic study. The initiation and interaction of
the trailing edge vortex with the leading edge vor-
tex were examined with variations in Reynolds aumber,
reduced frequency, cean angle, and acplitude of os-
cillazion. The paraneters that affected the devel-
opment of the trailing edge vortex paralleled re-
sults oubtained for the leading edge vortex. Test
conditions that gecnerated the rmost temporally and
spatiully synchronous trailing edge vortices simi-~
larly produced the rmost temporally and spatially
synchrcnous leading edge vortices.

The dependence of the trailing edge development
on the mean angle of attack is illustrated in Fiyg.
11. The largest interactions between the leading
and trailing cdge vortices occur at greater (T 15°)
~ecan anzles of attack. At smaller angles (2 5°),
the development of vortical instabilities is evident
on both airfoil surfaces at the trailing edre. As
noted carlier, sizilar vortical structures have been
noted uader nonoscillating cenditions at smalil an~
ples of uttack and may be linrked to bouncary layer
transition.

Filg.

11.

Effects on the leading and trailing edge
vortical interaction from variations in
the mean angle of attack at Re = 66,0C0;

K = 0.5; 2 = *5°, Modest mean ungles
(20° and 13°) induce stronyg vortical
interaction in the wake. Mean ansics 210°
elicit little temporaily sunchirvnuus flow
structure. At 0° and 3%, cmall temporaliy
gvnchrenous vorticer shed into the wade
from the aarfoll trafling eduye.
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Effects on the leading and trailing edge
vorticdl interaction trom variations in
Reynolds nuzber at ap = 15%; o, = =5°%;

K = 0.5. Strecag interaction is evident
at Re = 60,000; the bottom photozraph was
taken at a later point in the oscillatory
cycle. Increascs in keynolds number
(1C0,000 and 130,000} rcduce the inten-
sity of the interaction.
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Effects on the leading and trailing edge
vortical interaction from variations in
the osclllaticn frequency at e = 60,000,
az = 13°; a_ = 25°. Froc Il1.1 to 5.0 Hz,
tezpura.ly syachronous vortical {aterac-
ticn is evidenz. At 3.0 Nz, a reduction
in the terporal dependence on airfoil
oscillction occurs.




Effccts on the leading and trailing edge
vortical interaction from variations in
the oscillation angle at Re = 60,000;

am = 13°; K = 0.5. At 25°, the induced
vortical interaction displays well-
defined cynchrony with airfoil oscilla-
tion. At reduced oscillation angles

(23° to 21%), the elicited flow structure
becumes less dependeat on airfoll ozcil-
lation.

As expucted, Pevaolds number effects (Fio. 12)
were taversely reluted to apparent vorticui :ner-
actlen szrength. A strong iateraction ovccurred at

—

a Reynolds number of 60,000, as in previous results.
Less definitive interactions occurred at higher
Reynolds numpbers. The inverse relationship between
Reynolds number and leading edge vortical develop-
ment 3also held for the trailing edge vortex; in-
creased values of Reynolds number resulted in di-
minished interaction between the leading edge and
trailing edge vortices.

The reduced frequency parameter of 0.5 was
associated with the largest, most easily resolved
vortices (Fig. 13). Lower K values were associated
with reduced spatial-temporal dependence of flow
field on the oscillation frequency. This reduced
dependence resulted in small spatial or temporal
instabilities recognized as "blurred" resolution
in the visualizations of leading and trailing edge
vortical interactions (Fig. 13).

The oscillation angle had a major effect on
the repeatability of the flow perturbations. At
higher oscillation angles (£5°) the vortical inter-
action was well defined both spatially and tempo~-
rally, and was synchronous with airfoil oscillation.
At *3° this dependence was not as evident. Finally,
at oscillation angles of +1°, little temporal or
spatial dependence on airfoil oscillation was noted
for trailing edge vortex development. Without the
existence of single instantaneous flow visualiza-
tions (Fig. 14), these multiple-exposure photo-
graphs would easily be mistaken as evidence for
fully turbulent flow separation; the presence of
vortical structures, though somewhat variable spa-
tially and temporally, would not be recognized.

Discussion

with flow visualization and hotwire anemometry,
we have documented that an airfoil oscillating si-
nusoidally around or above its established static
stall angle elicits a leading edge vortex which
then induces a trailing edge vortex. Whereas the
leading edge vortex maintains flow attachment as it
moves over the airfcil surface toward the trailing
edge, the induced trailing edge vortex generates
cataclysmic, instantaneous, complete flow separa-
tion. Visualization and anecometry findings indi-
cated a flow perturbation continuum that extends
from static stall and minimal oscillation condi-
tions through moderate and strong oscillation con-
ditions. Virtually the same patterns of vorticity
and separation were observed across all conditions,
but these patterns were temporally and spatially
fixed with an oscillating airfoil, and more capri-
cious with static stall conditions. 1In the latter
instance, the flow perturbations gave the appear-
ance of turbulent flow separation. The established
significance of the leading and trailing edge vor-
tices, and the ecpirically demonstrated control
that can be exerted over the interaction of these
vortices, suggest that select paramecters as well as
select pitching motions cay yield valuable, exploit-
able flow attachment in the absence of cataclysmic
flow separation.

The gencration of the leading edge vortex and
the subscquent induction of a vortex at the trail-
ingp edge were most clearly demonstrated with a
large (15%) anple of attack and a large (25°)
pltching motion cf the airfoil around that angle.
The leading edre vertex appeuars as a small separa-
tion bubble as the airfoil pltches upward, acceler-
ating the flew, The vortex becomes rore discern~
ible as the leading vdge acculerutes towurd maxinum
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oscillation angles. When the airfoil begins to de-
celerate at moximum angles of attack, the vortex
grows both away from the top airfoil surface and to-
ward the trailing edge of the airfoil. Flow attach-
pent is readily discernible at this time. If suffi-
ciently energetic, the growing vortex may slow sig-
nificantly in movement tcward the trailing edge. At
the exact moment that the first vortical streamlines
of the leading edge vortex are positioned above the
trailing edge, a vortex is iritiated from the stream-~
lincs of the bottom surface flow. This trailing
edge vortex, driven by the leading edge vortex,
causes rapid, complete flow separation over the air-
foil surface. The trailing edge vortex grows rapid-
ly, with flow of opposite circulation to that of the
leading edge vortex. When leading and trailing edge
vortices appear to be of equal size, they shed into
the airfoil wake. Interactions of these vortices in
the wake lead to an apparent vertical flow, passing
at freestream velocity, bounded downstream by resid-
ual leading edge vorticity and upstream by residual
trailing edge vorticity. This interactive wake
structure remains sufficiently cohesive to be ob-
served cany chord diameters downstream.

The cajor initiating determinant for the devel-
opment of leading edge vortices appears to be the
net acceleration about the airfoil surface. This
net acceleration is compcsed of both a "static" ac-
celeration component, derived from the mean angle of
attack, as well as a "dynaxmic" component induced by
rapid, large positive-angle pitching of the airfoil.
Leading edge vortical development required sufficient
rean angles (12.9° to 15°) under both static and os-
cillatory conditions. Though the magnitude of the
net acceleration appears to be the most important pa-
rareter for vortical development, data were insuffi-
cient to define the exact contribution of the static
and dynacic acceleration components. Qualitative
consequences of each for overall vortical develop-
rent were evident in both the flow visualization and
hotwire data.

The vortical inftiation, development, and inter-
actions cependent on net acceleration displayed
quasi-steady, temporally synchronous flow character-
istics when referenced to oscillation cycle. Air-
foil oscillation phase clearly provided the crucial
dynamic acceleration cozponent underlying this syn-
chrony. Without a strong dynamic acceleration com-
ponent, nonsynchronous unsteady vortical developnment
dorinated the flow. At zinimal oscillation angles
(=1° to =3%), hoth vortical development and travel
were te-porally and spatially determined by airfoil
cscillaticn phase. As both the oscillation angle
and reduced frequency parameter were increased, the
ensuing vertical dynamics became even more predict-
able. The dominant factor again was the dynamic ac-
celeraticn component induced by the pitching of the
airfoil. The quasi-steady vortical generation must
be referenced to the airfoil oscillation; without
this synchronous reference to the airfoil oscilla-
tion, the same vortical generation would appear ca-
pricious, and could be z=istaken four unsteady turbu-
lent flow separation when averaped over several os-
c:llutions.,

with the airfo{l at toth small mean angles and
e~all <i-illation anples, much less synchrencus vor-
tooal developrent deminated the flow structure.  In
Couse 1nslances, the static acceleraticn cerpunent,
-ith the cumnon dnherent dnstabilitics, apyvared to
Frovalls The leading > and encuing trailing edye

“LFtloaa STTLCIUrCL dunoen.trated much loeoa coepen-

dence on airfoll oscillation phase. Here, the pat-
tern of vortical development was truly unsteady when
referenced to the airfoil oscillation. The quasi-
steady vortical characteristicd were absent. This
does not, however, rule out some other as yet undis-
closed periodicity underlying such flow structures.

From the observations of the current study, it
is clear that elaborate flow structures can be con-
trolled in the vicinity of an oscillating airfoil.
Careful selection of the dynamic oscillation paranm-
eters in conjunction with select pitching motions
zay yield valuable, exploitable flcw attachment
while minimizing the effects of flow separation.
Generation of highly repeatable flow structure with
even minimal airfoil oscillation was readily docu-
mented. The leading edge vortex induced complete
flow attachzent. Maximal flow attachment was
achieved by increasing vortex residence time on the
airfoil surface. Both larger reduced frequency val-
ues and oscillation angles yielded increased resi-
dence time.

Elicitation of the trailing edge vortex led rap-
idly to the adverse effects of complete flow separa-
tion. Airfoil pitching phase brought the airfoil
trailing edge up to meet the shedding leading edge
vortex; this was seen to be an important factor in
the trailing edge vortex development. By employing
nonsinusoidal pitching motions or by oscillating the
airfoil about different chord locations, it may be
possible to minimize the trailing edge vortical
growth, thereby recducing the adverse separation ef-
fects. Such studias must be pursued over a wide
range of experimental conditfons if exploitation of
the phenomenon is to be realized.

Conclusions

Many investigators are currently involved in
attempts to formalize the treatment of unsteady ef-
fects generated by an oscillating airfoil or by a
pulsating flow around a static airfoil.5,6,7,9,11,15
However, the complexity of unsteady effects hinders
the comprehensive characterizations needed for pre~
cise formalization; in many instances, broad assump-
tions must be substituted for missing experimental
data. The present studies represent an attempt to
more fully describe the unsteady effects generated
by an airfoil oscillating in varying amounts and
speeds about fixed angles of attack. The resulting
flow disturbances were complex, and required the use
of rapid (= 7 usec), repeated (220) photographic ex-
posures synchronized with the unsteadiness genera-
tors (NACA 0012 or 0015 airfofls) to reveal both
quasi-static and turbulent elements of the flow.
Across a variety of combined experimental parameters,
most of the resulting flow disturbances were {ound
to be predictably synchronized, both temporally and
spatially, with airfoil oscillation phase. These
flow disturbances were carefully documented by visu-
alization and hotwirec ancmometry.

The flow disturbances of the present study,
though complex, fit alung a single continuum. Stat-
{c stall or dynamic stall achieved with very small
dynamic parameters was typically associusted with
flow disturbances qualitatively quite sim{lar to
those cbserved with dynamic stall achieved with
large dynumic paramcters.  The major difference was
that «ith suall parumcters, flow structure exbiibit-
ed wide varfations in locatton and time when con-
pared to any reloreace ea the oscillating alrioil.,
with large dynmic paraseters, both the Jocation
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and the time of flow disturbances were quite predict-
able and repreducible when referenced to airfoil mo-
tion. In a sense, the static and small dynamic sit-
uvations elicit the wost unsteady (or the least pre-
dictable) flows. In contrast, strong dynamic condi-
tions elicit flow-airfoil interactions that are pre-
dictable enough to invite further manipulation for
purposes of practical exploitation.

Two strong flow Histurbances documented in the
present study have received very little attention in
the work of previous investigators.4»3 It is clear
that a major unsteady flow influence derives from
the trailing edge vortex. We have shown that this
vortex is directly proportional in size and strength
to the leading edge vortex that induces it. The
cozzonly reported cataclysmic flow separation associ=-
ated with oscillating airfoilsll most certainly is
dependent upon the genesis and subsequent strength
of the trailing edge vortex. The other frequently
unheeded flow disturbance is the massive leading and
trailing edge vortical interaction in the wake.

This dramatic interaction perseveres for appreciable
tice and distance in the wake. Although the
strength of this interaction has not been character-
ized, it may have serious implications for rotating
blades and turbomachinery.

As noted above, these dynamically generated
flow structures should be exploitable through varia-
tions in airfoil shape, airfoil motion, and, perhaps,
altered boundary layers. Such dynamically generated
flow structures should be analyzed through experi-
ments on simple models. For example, current experi-
mentsl4 focus upon flow structure elicited by linear
flow acceleration past a fixed airfoil. A wide
range of vortical structures has been observed, and
in ~any instances these vortices interact from lead-
ing to trailing edge of the airfoil in a manner rem=-
iniscent of the interactions observed in the present
study. Similarly, the initiation and development of
vortices is being studied in our laboratories using
oscillating plates in a zero-flow environment.

These zero-flow studies show vortical interactions
similar to those observed by both Freymuth!® and our-
selves. Thus, the vorticity that we observed to be
initiated by flow acceleration may exhibit some sub-
sequent autonomy from that flow. The vortices, once
forzed, may be embedded in ongoing flow, but remain
relatively independent of that flow. Finally,
through boundary layer control experiments in our
laboratories, we have discovered that most of the
strong dynamically elicited flow structures are in-
sensitive to either large pressure increments or de-
cresents introduced at the airfoil surface near the
trailing edge. Although these experiments are con-
tinuing, it is quite clear that new experimental
data on unsteady phenomena can be obtained. These
data should preclude much of the current need for
speculation and assumptions in formal treatments of
unsteady phenozena.
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